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Abstract
On 5 April 2003 at 07:13 GMT (09:13 local time) a violent vulcanian
explosion occurred at Stromboli volcano. At the time of the event an erup-
tive crisis was ongoing at the volcano with a lava flow outpouring along
the Sciara del Fuoco flank. The seismic signals related to the event were
recorded by 8 permanent broadband stations and gives informations about
the eruption kinematics. An ultra-long-period signal, that we intepret as
the effect of the ground tilt on the broadband sensors, starts about 4 min
before and terminates about 1 min after the explosion. On the basis of the
radial pattern of tilt directions we conclude that this signal is the effect
of the deformation of the volcanic edifice, due to the rising of a batch of
magma, its ejection and the magma column readjustment. About 1 min
before the explosion we observe an high frequency signal that we believe
to be related to the vesiculation of the rising batch of gas-rich magma.
At 07:13:35 GMT a powerful very-long-period signal, marking the onset
of the explosive fragmentation, is recorded. This is confirmed by a blast
wave following few seconds later. The remaining seismic signal (more than
3 min), shows an higher frequency content being related only to the fall of
ballistic ejecta and to landslides along Sciara del Fuoco. In conclusion we
propose the implementation of an early warning system for the short-term
forecast of such explosions, based on the real-time automatic detection of
the tilt signals preceeding such events.
1 The 2002-2003 eruption and the 5 April ex-
plosion
The 2002-2003 eruption at Stromboli, marked a period of anomalous volcanic
activity. The typical, persistent, moderate explosive activity at the summit
craters, stopped when a lava flow started pouring out of an eruptive fissure
along the Sciara del Fuoco flank [4, ].
The first occurrence of an anomalous explosive event was reported on 3
April. This event, that ejected large blocks outside the crater walls [3, ], was
accompanied by a seismic signal (Fig.5) having a waveform different from the
typical activity [5, ].
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On 5 April 2003, at 07:13:35 a violent explosion occurred at the summit
craters and generated a 1 Km high eruptive column [3, ]. Ballistic ejecta from
the explosion, reached distances of more that 2 Km away.
After the explosion the lava flow rate progressively declined terminating in
July 2003. The waning of the effusion concided with the gradual reappearance
of the typical summit strombolian activity [4, ].
Petrological data on the pyroclasts ejected by the 5 April and by previous
violent explosions (usually called paroxysms) [7, ], have shown that they are
generated by the fragmentation of a a crystal-poor and gas-rich magma (golden
magma). This magma is believed to be the parent of the typical crystal-rich,
gas-poor magma (dark magma) related to the mild strombolian activity [2, ].
These evidences suggests that violent explosions at Stromboli are generated by
limited batches of golden magma rising quickly through the shallow conduits.
2 Seismic data analysis
The deployment of the permanent broadband seismic network, by INGV-Osservatorio
Vesuviano, started in January 2003 (Fig.5). At the time of the explosion 8 sta-
tions were operating on the island. After the event some of these, experienced
malfunctioning due to the falling of ejecta that damaged STR8 and destroyed
STR2 or anomalies in the broadband sensors behaviour due to the strong seismo-
acoustic shock associated with the event. In Tab.5 we summarize the status of
the operating stations and the last recording time for some of them.
In Fig.5 we represent a 90 minutes long recording of the EW component of
station STR1 that was continuously and correctly operating during the event.
Before the explosion, the signature of the typical strombolian activity, with
recurrent explosions, is depicted. The last explosion quake, before the paroxysm,
occurred at 07:06:46 GMT (see Tab.5).
After this event an ultra-long-period (ULP) signal, evidenced as a downward
trend in Fig.5, started appearing. At 07:12:42 a persistent, small amplitude,
high frequency (> 1 Hz) signal appeared. Panel E of Fig.5 shows the high
frequency envelope of the seismic signal. From a quick look at the raw signal
(panel B in Fig.5) is seems that the high frequency signal starts emerging from
the background noise. Instead, it is important to remark that this signal starts
suddenly and then increases in amplitude until the final explosion. So this
event marks the beginning of some process in the volcanic conduit. A realistic
candidate is the onset or a significant increase of vesiculation in the rising golden
magma batch.
At 07:13:35 the most powerful very-long-period (VLP) signal is recorded.
It consists mostly of 4-5 VLP oscillations of decreasing amplitude lasting for
about 12 s (Fig.5). This event marks the onset of the fragmentation processes
with the generation of a powerful blast wave expanding in the atmosphere and
of a rarefaction wave traveling downward in the conduit. In fact, the particle
motion of the first VLP impulse (Fig.5) shows a radial motion toward the Sciara
del Fuoco indicating a sudden contraction of the volcanic edifice. The initial
shock triggered damped resonations of the conduit generating the oscillatory
waveform. The duration of the VLP signal gives an upper bound for the duration
of the magma ejection process.
The acoustic blast wave generated by the explosion was recorded first by
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the station STR2 (at 07:13:36.27 GMT) and subsequently by the other stations.
STRC was the last station recording the blast at 07:13:40.44.
About 10 s later a signal with frequency components mostly in the band
3 ÷ 15 Hz starts and continues for more than 2 min (panel A in Fig.5). This
signal is likely to be related with the falling of ejected blocks and conseguent
landslides along the Sciara del Fuoco flank. On STR2 the falling of blocks close
to the station is marked by strong impulsive signals.
About 100 s after the main blast a signal, having both a VLP and a high
frequency component, seems to indicate the occurence of a minor explosive event
(Fig.5).
Seismic signals related to the paroxysm share many common features with
signals recorded during other vulcanian explosions [9, 1, ]
3 Ultra-long-period signals
The broadband sensors composing the network (Guralp CMG 40T) have a lower
cutoff period of about 40 s. Since the recorded ULP signal has a dominant period
of more than one minute and considering the sensitivity of the broadband sensors
to tilt [5, ], we deduce that it is the expression of the ground tilt related to the
deformation of the volcanic edifice during the magma ascent and ejection.
Broadband sensors are not designed for the recording of such signals, so we
are not allowed to interpret them quantitatively because neither the linearity
of the tilt response is ensured. We only assume that the horizontal components
have the same response, so the pseudo-particle motion is an unbiased estimate
of the ground tilt direction.
In Fig.5 we plotted the pseudo particle motion of the ULP component for
two time windows, one before and one after the explosion. Most stations shows
a clear linear trend that seems to point toward the Sciara del Fuoco flank. The
ULP source position is close to the source of VLP events related to common
strombolian activity [5, ]. This seems to suggest a common path for the ascent
of gas slugs and of gas-rich magma batches.
4 Insight into the eruption kinematics
On the basis of the sequence of events (Tab.5) we can infer the eruption kine-
matics.
A batch of gas-rich magma starts rising the volcanic conduits causing the
ground deformations, recorded as an ULP signal. It is difficult to estimate the
depth of the batch when the signal became evident. Results of other geodetic
measurements [6, ] suggests a very shallow depth, few hundreds of meters belowe
the craters. The increase of temperatures and steam emission from the crater,
observed by [3], may be due to the opening of fissures as effect of the rapidly
increasing strain.
The likely onset of the vesiculation, marked by the high frequency signal
(Fig.5) is not related to any visible phenomena. So seismic data provided a
unique insight for detecting this process.
Ten seconds before the blast, the tilt direction inverts (Fig.5). This may
indicate that the magma found its final path toward the surface expanding in
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the shallow conduit and making the pressure to drop. This event coincides with
the emission of ashes related to the incipient opening of the vents [3, ].
Since the VLP signal recorded at 07:13:35 lasts for no more than 12 s then
we may assume these value as an upper bound to the duration of the explosive
fragmentation process. This duration is likely to be even shorted since most of
the VLP signal may have been generated by the resonance of the conduit after
the initial shock. After the VLP signal the tilt inverts again indicating a reequi-
libration of the volcano, due to the refilling of the conduit after the evacuation
of the golden magma batch. This means that most of the visual phenomena
lasting for few minutes after the blast are related only to the convective rising
of the plume and to the falling of pyroclasts.
Most of the subsequent seismic signal is not due to magmatic processes but
to the fall of ballistic ejecta, starting few second after the explosion.
The feeding system rapidly returns to the original state, as evidenced by the
reappearance of strombolian activity about 12 minutes later (Fig.5).
Minor paroxysms occurs frequently at Stromboli [7, ]. The analogy of their
waveforms (Fig.5), suggests a similar mechanism. They have an intensity higher
than the average strombolian activity but much less than the 07:13 paroxysm.
Probably they represents reduced versions of the major explosion that are caused
by the rising of smaller batches of golden magma.
5 A proposal for an early warning system
A persistent and increasing ULP signal is then an indicator that an explosive
magma batch is rising. The detection of such signals may be performed by
automatic systems in real-time using simple algorithms.
For example if we consider a STA/LTA trigger mechanism [8, ] over the
low-pass filtered signal we can obtain an indicator of an incoming event. In
Fig.5 we represent, in the top panel, a graphic with the number of channels
(over a total of 24) exceeding a given STA/LTA threshold. We can define then
two or more alert levels based on the number of triggered channels and on the
trigger persistence. For example we define the yellow level as at least 2 channels
triggered for more than 10 s, the orange level as at least 4 channels triggered
for more than 20 s and the red level as at least 6 channels triggered. Using
this criteria the yellow level is reached 240 s, the orange 200 s and the red 45 s
before the blast. The dangerous fall of ballistic ejecta starts just few seconds
after the blast in the summit area.
The usage of such system, together with other geodetic parameters may
ensure a robust short term warning system useful for civil protection purposes.
The deployment of more sensitive instruments as broadband sensors with a
lower cutoff frequency and strainmeters, will obviously improve the efficiency of
the detection.
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Figure 1: Map of Stromboli island. The upper right inset shows a map of Italy
with the position of Stromboli marked by the arrow. Black circles in the map
are broadband seismic stations.
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Figure 2: 90 minutes long recording at station STR1 (EW comp.) starting at
06:30 GMT. The letter L indicates the last explosion quake before the paroxysm
occurring at 07:06:46 GMT, while F indicates the first explosion quake after the
paroxysm at 07:25:27 GMT. Note that after the paroxysm, explosion quakes
have an amplitude higher that before it.
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Figure 3: 4 min long recording at station STR1 (EW comp.). The represented
signal spans the time interval 07:12 - 07:16 GMT. The top trace is the raw
seismogram (B) and A is its spectrogram. C is the low pass filtered signal with a
corner frequency of 0.5 Hz, while D represents the signal filtered with a corner of
0.04 Hz. E is the smoothed amplitude envelope of the high frequency (> 10 Hz)
component. 1 is the onset of the high frequency signal, 2 is the explosion and
3 is the onset of the block fall and landslides. 4 probably represents a minor
event after the main blast
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Figure 4: On the left there is the seismogram of STR1 (EW comp.) band-pass
filtered between 0.05 and 0.5 Hz. The windows starts at 07:13:31. The gray
box indicates the interval used for representing the particle motion of the VLP
component in the right picture.
Figure 5: Pseudo-particle motion of the ULP signal (period > 25 s) in the inter-
val 07:12 - 07:16 GMT. The left image refers to the interval 07:12:00÷07:13:35
(before the explosion), while the right refers to the interval 07:13:35÷07:16:00.
The black hexagon is the position of one of the VLP seismic sources identified
by [5]. Signal amplitudes are normalized for each station.
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Figure 6: Comparison between waveforms related to minor explosions an the
main blast (2003/04/05 07:13). Signals have been recorded at STR1 (EW.
comp). The red line is the low-pass filtered signal (< 0.5 Hz). Amplitude are
normalized to ensure a shape comparison. The relative multiplicative factors
are shown on the right.
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Figure 7: ULP signal at STR1 and STR2 (EW comp.). The window starts
at 07:00:00 and has been processed with a causal low-pass filter with a corner
frequency of 0.01 Hz. The black vertical dashed line marks the occurrence of the
explosion. The blue curve in the top panel represents the number of triggered
stations and the coloured vertical bars are the times at which alert levels are
reached (see text for details).
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Station status
STR1 OK
STR2 07:13:59
STR3 OK
STR4 07:13:42
STR5 07:13:37
STR7 07:13:54
STR8 07:13:37
STRC OK
Table 1: Station status through the explosion. The 2nd column reports the
GMT time of the last useful signal transmitted by the station. Station STR2
was destroyed and STR8 was severly damaged by the explosion, while STR4,
STR5 and STR7 had only transient problems.
Time Event
07:06:46 Last explosion quake before the paroxysm
∼07:09:00 Appearance of the ULP signal on STR2
07:12:42 Onset of the high frequency envelope
07:13:23 Inversion of tilt
07:13:35.5 Powerful VLP signal
07:13:37 Blast wave recorded at STR2
07:13:45 First fall of a ballistic ejecta near STR2
07:13:45 Onset of the high frequency coda
07:15:17 Minor explosion?
07:25:27 First explosion quake after the paroxysm
Table 2: Chronology with the significant events occurring before, during and
after the paroxysm.
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